The mean linking number (hLki) of the topoisomer equilibrium distribution obtained upon relaxation of DNA minicircles with topoisomerase I did not increase linearly, but rather in a step wise fashion, with DNA size between 351 and 366 bp. As a consequence, the corresponding linking number difference (hÁLki) did not remain equal to 0, but rather oscillated between AE0.3 with the periodicity of the double helix. This oscillation, not observed with plasmid-size DNA, is an expected consequence of the stiffness of short DNA. When minicircles were reconstituted with a nucleosome, the associated hÁLk n i oscillated between $ À 1.4 AE0.2. This oscillation appears to result from the combined effects of DNA stiffness, and nucleosome ability to thermally¯uctuate between three distinct DNA conformational states. Two of these states, a closed $1.75-turn DNA conformation with negatively crossed entering and exiting DNAs, and an open $1.4-turn conformation with uncrossed DNAs, are well known, whereas the third state, with a closed DNA conformation and DNAs tending to cross positively rather than negatively, is less familiar. Access to both closed``negative'' and``positive'' states appears to be mediated by histone N-terminal tails, as shown by speci®c alterations to the hÁLk n i oscillation caused by histone acetylation and phosphate ions, a potent tail destabilizator. These results extend previous observations of ethidium bromide¯uorescence titration in the accompanying article, which have pointed to an histone tail-dependent¯exibility of entering and exiting DNAs to positive crossing. They also show that DNA wrapping around the histones occurred without twist alteration compared to the DNA free in solution, and reveal an intriguing new facet of the``linking-number-paradox'' problem: the possibility for linkers in chromatin to adopt different crossing status within an overall dynamic equilibrium which may be regulated by histone acetylation.
The mean linking number (hLki) of the topoisomer equilibrium distribution obtained upon relaxation of DNA minicircles with topoisomerase I did not increase linearly, but rather in a step wise fashion, with DNA size between 351 and 366 bp. As a consequence, the corresponding linking number difference (hÁLki) did not remain equal to 0, but rather oscillated between AE0.3 with the periodicity of the double helix. This oscillation, not observed with plasmid-size DNA, is an expected consequence of the stiffness of short DNA. When minicircles were reconstituted with a nucleosome, the associated hÁLk n i oscillated between $ À 1.4 AE0.2. This oscillation appears to result from the combined effects of DNA stiffness, and nucleosome ability to thermally¯uctuate between three distinct DNA conformational states. Two of these states, a closed $1.75-turn DNA conformation with negatively crossed entering and exiting DNAs, and an open $1.4-turn conformation with uncrossed DNAs, are well known, whereas the third state, with a closed DNA conformation and DNAs tending to cross positively rather than negatively, is less familiar. Access to both closed``negative'' and``positive'' states appears to be mediated by histone N-terminal tails, as shown by speci®c alterations to the hÁLk n i oscillation caused by histone acetylation and phosphate ions, a potent tail destabilizator. These results extend previous observations of ethidium bromide¯uorescence titration in the accompanying article, which have pointed to an histone tail-dependent¯exibility of entering and exiting DNAs to positive crossing. They also show that DNA wrapping around the histones occurred without twist alteration compared to the DNA free in solution, and reveal an intriguing new facet of the``linking-number-paradox'' problem: the possibility for linkers in chromatin to adopt different crossing status within an overall dynamic equilibrium which may be regulated by histone acetylation.
Introduction
The accompanying article (Sivolob et al., 1999) has uncovered a striking¯exibility of the loop in minicircle-reconstituted nucleosomes to positive crossing, as generated by ethidium bromide intercalation. This¯exibility in turn explained the observed capacity of these nucleosomes to sustain large positive supercoilings without unfolding nor release of H2A-H2B. Nucleosome stability against positive supercoiling generated mostly by their E-mail address of the corresponding author: prunell@ccr.jussieu.fr own reconstitution was also observed in a minichromosome (Clark & Felsenfeld, 1991) , suggesting it is a speci®c nucleosome attribute not restricted to a particular DNA system nor to the way positive supercoiling is generated. Moreover, this¯exibility was found to decrease upon histone acetylation, suggesting it is mediated by histone N-terminal tails which interact with entering and exiting DNAs to reduce their electrostatic repulsion (Sivolob et al., 1999) .
These conclusions are con®rmed and extended here through an investigation of nucleosome relaxation properties as a function of minicircle size between 351 and 366 bp. A large oscillation of the associated linking number difference (hÁLk n i) around $ À1.4 was observed, similar to the hÁLki oscillation of naked minicircles around zero. Whereas this latter oscillation resulted from the tendency of naked minicircles to relax into a single topoisomer due to DNA stiffness, hÁLk n i oscillation appeared to result from the joint effects of DNA stiffness and nucleosome ability to thermallȳ uctuate between three distinct DNA conformational states. One state involved a closed $1.75-turn conformation with crossed entering and exiting DNAs, whereas another corresponded to an open $1.4-turn conformation with uncrossed DNAs, as previously described for relaxed minicircle-reconstituted nucleosomes . The third state, termed closed``positive'', corresponded to a closed conformation with positively, rather than negatively, crossed DNAs, the existence of which is independently supported by the loop's high apparent¯exibility to positive crossing referred to above. Moreover, the mechanism by which histone N-terminal tails mediate access to this conformation (see above), as well as to the``negative'' closed state, was clari®ed by the way histone acetylation and phosphate ions affect hÁLk n i oscillations.
These results have implications on the so-called`l inking number paradox'' of DNA in chromatin (Klug & Lutter, 1981) . This paradox, a unit linking number reduction (jÁLkj) associated with two negative crossings of the wrapped DNA, arose with the ®rst low-resolution crystal structure of the core particle which showed the DNA to make 1.75 turns of a left-handed superhelix (Finch et al., 1977) . From this, linker DNAs connecting the nucleosomes were assumed to follow right-angle trajectories and cross each other, adding a second negative crossing to the crossing already formed upon wrapping of the ®rst turn. On the other hand, topological studies of circular minichromosomes showed each nucleosome to be associated with hÁLki À1 rather than À2 (Germond et al., 1975) . It was early recognized that this contradiction would be resolved if DNA overtwisted upon wrapping by 0.56 (White & Bauer, 1989) to 0.7 helical turn, which would compensate for the effect of the extra crossing on hÁLki. Numerous attempts then followed to measure DNA local helical periodicity in situ by various approaches. Data were signi®cantly dispersed, between 9.7 to 10.5 bp/turn with a mean in the 10.2-10.3 bp/turn range, and their interpretation was somewhat ambiguous (see Prunell (1998) , for a review, and references therein).
However, no paradox occurred at the single nucleosome level. Relaxed minicircle-reconstituted nucleosomes were found to be associated with hÁLki À1.1 to À1.2 and with a single crossing in a $1.4-turn DNA con®guration . Subsequently, two crossings in a $2-turn con®guration stabilized by H1/H5 were found to result in hÁLki $ À1.6 (Zivanovic et al., 1990) . Both ®gures were close to those predicted by computer modeling when DNA was wrapped without twist alteration ; see also Zhang et al., 1994) . The present work not only con®rms these conclusions, but re®nes the understanding of the minicircle system to the point that its results can be safely applied to chromatin. The unit hÁLki value per nucleosome in the minichromosome appears to re¯ect a dynamic equilibrium between nucleosomes with open, negatively and positively crossed con®gurations, the exact proportions of which are unknown. In the light of such connection between the paradox and chromatin dynamics, the explanation of the paradox by a simple failure of the linkers to cross Prunell, 1998 ) appears more like a ®rst approximation to the solution of a problem signi®cantly more intricate than previously anticipated. The results also suggest how chromatin topology and dynamics could be altered by histone acetylation, providing new insights into the basis of the correlation between acetylation and transcription.
Results

Relaxation of naked DNA minicircles
Figure 1(a) shows the results obtained upon gel electrophoresis of nine minicircles of unique sequence and sizes ranging from N 351 to 366 bp, after relaxation with topoisomerase I in Tris buffer (see Materials and Methods). Except for 351 and 361 bp minicircles, the second topoisomer is either weak or absent, showing a tendency for the production of only one topoisomer in the equilibrium distribution. Identical data were produced upon circularization of the corresponding fragments with bacteriophage T4 DNA ligase in the same buffer (not shown). The distribution mean linking numbers, hLki, measured in Figure 1 (a) and three additional independent experiments with 351 and 361 bp minicircles, are plotted as a function of N in Figure 1 (b) . This plot is step-like, as expected from the single-topoisomer tendency. Fitting of equation (A4) in the Appendix to these data (continuous curve in Figure 1 (b)) resulted in K sc 3600 (AE300) and h o (Tris) 10.49 2 (AE0.003) bp/turn (means AE maximal deviations). Figure 1 (b) also shows the straight line Lk o N/h o versus N, and the difference plot between the step curve and that straight line, hÁLki versus N (inset), which reveals a periodic oscillation between AE0.3. The difference plot shows that the minicircle is relaxed (hÁLki 0 and a single topoisomer present) only when N is an integral multiple of h o around 356-357 (34 Â 10.49) and 367 (35 Â 10.49) bp. Upon addition of 5 bp, hÁLki is also equal to zero, but through compensation between the two negatively and positively supercoiled topoisomers present. Interestingly, the present K sc value is that expected from the data of which show a linear K sc , dependence on the minicircle size (Figure 1(c) ).
The experiment of Figure 1 (a) was repeated in phosphate buffer (see Materials and Methods; results not shown). The ®tting now resulted in h o (phosphate) 10.47 5 (AE0.003) bp/turn, a slight, but signi®cant, decrease relative to h o (Tris). In contrast, K sc showed virtually no change. Figure 2 shows the relaxation of``356 bp'' nucleosomes as an example. Nucleosomes reconstituted on 356 bp topo À2.7 (Lk 31) with control (C) and acetylated (A) octamers were relaxed in Tris (T) and phosphate (P) buffers. Upon electrophoresis (Figure 2(a) ), relaxation products split into two bands, which correspond to nucleosomes on topos À0.7 (Lk 33) and À1.7 (Lk 32) (referred to as M o (À0.7) and M o (À1.7)). Interestingly, the proportion between the two nucleosomes varies, showing a continuous trend from AT (acetylated in Tris), to CP (control in phosphate) and AP (acetylated in phosphate) nucleosomes. This variation was con®rmed at the DNA level (Figure 2(b) and (c)).
Relaxation of mononucleosomes
To check whether these results depended on the acetylation of the four histones, the experiment was repeated with the same 356 bp minicircle using instead the composite octamer made from acetylated (H3-H4)2 tetramers and unacetylated H2A-H2B dimers (to give 1/2A nucleosomes), and a control octamer made from the same acetylated tetramers and acetylated dimers (resulting in 1A nucleosomes; see Materials and Methods). Thè`c hromatin'' gel (not shown) was very similar to that displayed in Figure 2 This shows that H2A-H2B contribute to the observed effect of acetylation. A shift in the same direction, although smaller, is observed between 1/2AP and 1AP nucleosomes.
Other relaxations involved the rest of the minicircles in Figure 1 (a), plus two more (354 and 362 bp) from the same series. Another 354 bp minicircle originates from l phage DNA. Figure 3 (a) displays topoisomer relative amounts versus N obtained in relaxation equilibrium distributions of CT nucleosomes. Distributions contain two topoisomers, except for the 358 bp minicircle's distribution which shows three, probably because of its peculiar location between the disappearance of one 32 P-labeled topos À2.2, À2.4, À2.6, À2.7, À2.9, À2.1, À2.2, À2.4 and À2.7 of the indicated TaqI fragments, respectively, were relaxed for one hour at 37 C with 750 units of topoisomerase I per ml in``Tris buffer'' (see Materials and Methods), deproteinized, precipitated with ethanol and electrophoresed in a chloroquine-containing gel as described in Materials and Methods, except for the larger gel (0.15 cm Â 16 cm Â 18 cm) and the longer elec Table 2 of , compared to the present K sc value.
topoisomer and the appearance of another. The corresponding hLk n i versus N plot is presented in Figure 3 (b), with the l and Taq data at 354 bp virtually coinciding. The plot is step-like, and somehow mimics the naked DNA plot in Figure 1 As expected, this plot shows a large oscillation, between $ À1.4 AE 0.2. Figure 4 is the counterpart of Figure 3 for AT, CP and AP nucleosomes. Figure 4 (b) and (c) show all data, whereas, for the sake of clarity, Figure 4 (a) shows the data of AP nucleosomes only. As shown in Figure 4 (b), the effects of acetylation and phosphate are complex, tending to displace the step-curve toward smaller sizes and to lower the plateau to an integral value. Consistently, the hÁLk n i oscillations in Figure 4 (c) are shifted upward and displaced to lower sizes, and their amplitude is reduced. In agreement with the results shown in Figure 2 , these alterations get Topoisomer relative amounts in equilibrium distributions obtained from the relaxation of mononucleosomes reconstituted on 32 P-labeled topos À2.2, À2.4, À2.5, À2.6, À2.7, À2.9, À3.1, À2.2, À2.3, À2.4 and À2.7 of 351, 353, 354, 355, 356, 358, 360, 361, 362, 363 and 366 bp DNA minicircles, respectively. Relaxations were performed as in Figure 2 . The plot gives the mean topoisomer relative amounts measured from chloroquine-containing gels in densitometric pro®les similar to those shown in Figure 2 Table 3 ), whereas the smooth curves of CT nucleosomes are those in Figure 3 (b) and (c). ÁLk n values were calculated using h o 10.49 and 10.47 5 bp/turn for AT, and CP and AP nucleosomes, respectively. The effect of this lower h o in phosphate per se is virtually negligible. Assuming phosphate only alters h o in the loop (relative to Tris), without otherwise affecting nucleosome structure and dynamics, the three-state model can be used with the nucleosome parameters of Table 2 , after adjustment of ÁLk n values to take the new h o value into account (see the legend to Table 3 ), to calculate a new hÁLk n i versus N curve. The resulting curve (not shown) remains unchanged in its shape and proportions relative to the CT curve in Figure 4( 
Discussion
Relaxation of naked DNA Figure 1(a) shows the strong tendency of 351-366 bp minicircles to relax into a single topoisomer, resulting in a step-like hLki versus N curve (Figure 1(b) ). Such behavior, whose origin lies in the stiffness of short DNA, was ®rst described by Shore & Baldwin (1983) , who circularized a 247 bp fragment in the presence of increasing concentrations of EtBr. In this way, the fragment twist could be varied at constant N. The steps may be simply explained as follows. When N is an exact multiple of the DNA helical periodicity, no change in twist is required, and the DNA circularizes into a single topoisomer. Upon increase in N by 5 bp, two adjacent topoisomers are obtained in equal amounts, due to equal probabilities for overtwisting, and undertwisting. In the intermediate case, circularization tends to form the topoisomer corresponding to the smaller twisting angle, either through overtwisting, and hÁLki in the difference plot (inset in Figure 1(b) ) is positive, or undertwisting, and hÁLki is negative. This effect, i.e., the amplitude of hÁLki oscillations around zero, is expected to decrease when the DNA length increases, and is not observed for DNA of pBR322 size (Shore & Baldwin, 1983) .
A simple model, in which the topoisomer free energy of supercoiling is a quadratic function of its linking difference (see equation (A1) in the Appendix), could accurately predict the step-like behavior of hLki versus N, i.e., the oscillation of hÁLki versus N. Fitting to the experimental data allows the two parameters of the model, the DNA helical periodicity h o and the supercoiling force constant K sc to be calculated. The resulting K sc , a measure of DNA rigidity, coincides with the value deduced from the K sc linear dependence on N reported by see Figure 1(c) ). On the other hand, the different helical periodicities in phosphate (h o 10.47 5 ) and in Tris (h o 10.49) were expected on the basis of the higher monovalent-cation concentration of the phosphate buffer (see Materials and Methods; Anderson & Bauer, 1978) .
Relaxation of mononucleosomes: overall features
Effect of DNA stiffness hLk n i and hÁLk n i versus N plots (Figure 3(b) and(c)) resemble their naked DNA counterparts, at least at ®rst sight. However, the loop is $115 bp shorter, and on this basis alone it should be more rigid than the naked minicircles, and lead to a larger oscillation. This is in contrast to the amplitude of AE0.2 in Figure 3 (c), against AE0.3 in Figure 1 (b) (inset), which rather suggests that the loop is morē exible. It can be calculated from equations (A1)-(A5) in the Appendix that minicircles of $240 bp (the loop size), with K sc $ 3900 (see Figure 1 (c)), should show hÁLki oscillations of AE0.35. The same amplitude is predicted by the nucleosome singlestate model (see equation (A7) in the Appendix, and . In contrast, the present AE0.2 oscillation points to K sc $ 1500, a 2.5-fold reduction in apparent rigidity compared to naked DNA of the same size. It is noteworthy that a higher¯exi-bility of the loop was also obvious in the ®rst place due to the presence of two topoisomers in nucleosome equilibrium distributions against mostly one for naked DNA. Consistently, if the plateaux in Figure l (b) are at integral hLki values, the plateaux in Figure 3 (b) are not. More speci®cally, the fractional value of the middle plateau results from the early appearance of topo 34 which generates a bump in its pro®le between 358 and 363 bp, and a correlative depression in the topo 33 pro®le (see Figure 3 (a); the end of an equivalent bump is observed in the topo 33 pro®le at 351-353 bp). The origin of these bumps will become clear below.
Effect of acetylation and phosphate: the histone tail contribution
Acetylation is a reversible histone modi®cation speci®c to lysine residues in the randomly coiled histone N-terminal tails, which decreases their overall positive charge and lowers the strength of their interaction with DNA. Phosphate, which has been used as a substitute for Tris in some relaxations, somehow mimics acetylation in destabilizing N-terminal tails. This has been observed in a thermal study of the DNA binding properties of the isolated 23-residue long N-terminal tail of H4 (Hong et al., 1993) . This study showed that this four acetylatable lysine-and four arginine-containing peptide remained bound to DNA up to 6 mM Mg 2 or 150 mM NaCl when unacetylated, while these concentrations decreased to 30 mM and 50 mM, respectively, after full lysine acetylation. When replacing Tris, phosphate was observed to have a strong destabilizing effect at a concentration as low as 5 mM, this effect being enhanced by acetylation (Hong et al., 1993) . On these premises, our standard relaxation conditions (50 mM Tris, 50 mM KCl, 5 mM MgC1 2 and 1 mM EDTA) would appear to be the limit for the stability of the unacetylated H4 N-terminal tail.
However, H4 N-tail stability may be irrelevant since this tail may rather interact near the dyad axis (Ebralidse et al., 1988; Baneres et al., 1994) . Of all four histone N-tails, H3
H s is longer and more positively charged. Moreover, the location of the H3 N-tail appears most appropriate for its inter-action with entering and exiting DNAs (Arents et al., 1991; Luger et al., 1997) . This suggests that the N-tails of both H3s are ®rmly bound to entering and exiting DNAs under relaxation in Tris buffer, but not in phosphate buffer, and that this destabilization is enhanced by acetylation. The acetylation-induced destabilization of N-terminal tails was also invoked as the origin of the correlative rigidi®cation of the loop observed in the accompanying article (Sivolob et al., 1999) . A direct correlation may then exist between the strength of these interactions and the depth of the valleys in Figure 4 (c). Because interacting H3 N-tails should reduce the electrostatic repulsion between entering and exiting DNAs, valleys may re¯ect nucleosome access to DNA conformations maximizing this repulsion (see below). However, histones H2A-H2B do participate in the acetylation/phosphate effect (see Results and Figure 2(d) ), suggesting that more than DNA/DNA repulsion is at stake (see further comments below).
Nucleosome closed and open DNA conformations
The closed conformation
The archetypical``closed'' conformation is that of the 1.75-turn core particle, with entering and exiting DNAs at a right angle to each other ( Figure 5 (a); Richmond et al., 1984) . A similar 1.6 (AE0.15)-turn conformation has been observed for linear mononucleosomes in a thin layer of water by cryoelectron microscopy (Furrer et al., 1995) . However, entering and exiting DNAs did not continue the right-angle trajectories, and did not cross. They instead bent away from each other and the histone surface ( Figure 5 (b)), presumably as a result of DNA/DNA electrostatic repulsion in the entry-exit region (Furrer et al., 1995) . A similar conformation was also observed under classical electron microscopy, but only in the presence of Mg 2 (5 mM). In the absence of Mg 2 , and although 50 mM NaCl was present, a bimodal distribution appeared with a second (and major) peak centered at $1.4-turn wrapping, which corresponded to nucleosomes in the``open'' conformation of Figure 5 (c) (Hamiche et al., 1996) . This dependence on Mg 2 suggested that, in addition to this apparent disruptive effect of the grid adsorption process, a salt-dependent balance exists between DNA/DNA repulsion and the forces holding the DNA at the borders of the nucleosome. The bent uncrossed 1.6 to 1.7-turn DNA conformation, as observed under electron microscopy of linear mononucleosomes (Hamiche et al., 1996) . (c) Linear mononucleosomes observed in the absence of Mg 2 (see Discussion). (d) Two-turn uncrossed conformation of GH5-containing linear mononucleosomes (Hamiche et al., 1996) . (e) Bridging together of entering and exiting DNAs into a stem by the H5 C-terminal tail (Hamiche et al., 1996) . (f) Crossed conformation obtained for nucleosomes on 359 bp topo À2 and for a fraction of nucleosomes on 256 bp topo À1.2 (see Figure 7 (a) in the accompanying article; Sivolob et al., 1999) . The plane of the loop is approximately perpendicular to the superhelix axis. (g) Hypothetical bent and uncrossed conformation resembling conformation (b) of linear nucleosomes. (h) Open 1.4-turn conformation observed for nucleosomes on 359 bp topo À1 and for most of the nucleosomes on 256 bp topo À1.2 (Figure 7 (a) in the accompanying article). The plane of the loop is again approximately perpendicular to the superhelix axis. (i) and (j) Half positively and negatively crossed DNA con®gurations, with the plane of the loop being parallel to the superhelix axis. Note that exiting DNA is above and remains above in thè`h alf negative'' crossing (j), while it goes below to pass under the entering DNA in the``half positive'' crossing (i). The $1.75-turn wrapping is similar in both cases. These conformations have previously been attributed to 354 bp M O (À0.5) and M O (À1.5) to explain their near comigration under gel electrophoresis (see Figure 9 of . Conformation (i) is expected to be that of the closed``positive'' state. (k) Zigzag model of nucleosome arrangement in the 30 nm chromatin ®ber, based on data in the literature (see Discussion) and mononucleosome structure in (e). In three dimensions, nucleosomes are expected to be at various angular orientations around the ®ber axis, possibly forming a solenoid. (l) Putative DNA conformations in the H1/H5-free ®ber (see Discussion). Nucleosomes 1, 2 and 5 are in the``closed uncrossed'' conformation of nucleosome (b), whereas nucleosomes 4 and 7 are in the open conformation of nucleosomes (c) and (h). Other nucleosomes are crossed positively or negatively. Each nucleosome is expected to thermally¯uctuate between the different conformations represented, within an overall dynamic equilibrium (see Discussion). Signs of nodes in (a), (f) and (l), and half-nodes in (i) and (j) are indicated.
Nucleosome Dynamics
As expected, H1/H5 stabilize the closed conformation. Strikingly, however, although the H5 globular domain (GH5) increased wrapping to virtually two turns, entering and exiting DNAs still did not cross in 50 mM NaCl and 5 mM MgCl 2 ( Figure 5(d) ). DNA-DNA repulsion in fact appears to be overcome only in the presence of the H1/H5 C-terminal tail ( Figure 5 (e); Hamiche et al., 1996) .
The open conformation
In circular mononucleosomes, a closed conformation ( Figure 5(g) ) resembling the conformation in Figure 5 (b) has not been observed, but rather an open 1.4-turn conformation ( Figure 5(h) ) similar to that shown in Figure 5 (c). The existence of this conformation out of the grid of the electron microscope was supported by its low gel electrophoretic mobility . This open DNA conformation was believed to re¯ect an attempt to minimize the bending free energy within the topological constraints of the DNA minicircle. This, however, applies only when the loop is close to relaxation, as in nucleosomes on the 359 bp topo À1 (M o (À1)). Upon application of a suf®cient negative constraint (ÁLk 1 ; see equation (5) in Materials and Methods), a closed conformation with crossed entering and exiting DNAs could occur ( Figure  5(f) ). In the case of the 359 bp M o (À2), open (h) and closed (f) conformations were in a salt-dependent dynamic equilibrium. All nucleosomes were crossed on the grid of the electron microscope in 100 mM salt, but only half were crossed in TE buffer . This salt dependence now re¯ected a change in the balance between the forces involved in the above linear nucleosomes (DNA-DNA repulsion and histone-DNA binding), plus the forces of DNA bending in the loop.
It is interesting that core particles may also reach the open state. This is suggested by physico-chemical techniques involving thermal fusion, circular dichroism, sedimentation and nuclear magnetic resonance, which have pointed to a peeling off of 20 or so bp of DNA at each side of the 145 bp core particle at about 40 C ( van Holde, 1988 , and references therein). A lability of DNA at the borders is also supported by its preferential intercalation of methidium propyl EDTA over the rest of the DNA (McMurray & van Holde, 1991) , and by an enhanced accessibility of the amino groups of histone basic amino acid residues in these regions to dithiobis (succinimidyl propionate; as monitored by exonuclease III digestion; Prunell, 1983) .
A clue to the nature of the open state is provided by the recent high-resolution structure of the core particle (Luger et al., 1997) . The most distal DNA binding sites occur with the so-called``histone-fold extensions'' of H3, at superhelix locations (SHL) AE6 1 2 . Their breakage would leave DNA interacting with H2A-H2B at SHL AE 5 1 2 , which encompass a double-stranded DNA length of 117 bp (Luger et al., 1997 ; as reported by Prunell, 1998 ). This ®gure is close to lengths measured for the open state by¯uorescence titration (115 bp; see the accompanying paper), electron microscopy (1.4 Â 83 116 bp; and thermal¯exibility measurements (109 bp; Hamiche & Prunell, 1992) . Beyond the breakage of DNA-H3 interactions, the open state appears likely to involve a relative destabilization of H2A-H2B dimers from their interactions with DNA and/or the (H3-H4)2 tetramer, as the contribution of dimers to the acetylation/phosphate effect (Figure 2(d) ) would suggest.
Models
The two-state model (Table 1) is essentially identical with hÁLk n i À1.1 to À1.2 previously obtained for relaxed 1.4-turn mononucleosomes , and to the ÁLk-per-nucleosome value derived from mini- The model is described in the Appendix. The wrapped DNA length, p, is the adjustable parameter. K sc , ÁLk n and ÁG n (AE standard deviation; SD) are de®ned by equation (A8) in the Appendix, and were derived from the ®tting of equation (A12) to experimental data points in Figure 3 (b), with h o 10.49 bp/ turn. K sc is the supercoiling force constant, a measure of loop DNA rigidity. ÁLk n is the state-associated linking number difference, i.e., the total linking difference of the topoisomer when the loop is relaxed. ÁG n is the total free energy difference (DNA plus protein) with the state of minimal energy. ÁG n refers to a nucleosome with a relaxed loop, and is free of twist contribution.
A satisfactory ®t could not be reached with a unique K sc value in the two states. The best-®t values obtained are not dependent on the starting guesses and correspond to the global minimum in the sum of the square deviations from the experimental data points. Removal of a few data points has little in¯uence on the parameter estimates, which were also found to be virtually independent of p for p comprised between 130 and 160 bp in the closed state and 100 and 130 bp in the open state. Uncertainties in the parameters (AESD) were estimated using the procedure described by Lutter et al. (1996) . A total of 100 synthetic data sets, generated by applying random combinations of the experimental errors to the original data, were analyzed and then the distributions of the extracted parameters were characterized. chromosomes (À1.0; Simpson et al., 1985; Norton et al., 1989) . On the other hand, ÁLk n À1.7 in the closed state (Table 1 ) is similar to hÁLk n i À1.6 to À1.7 found for H5-containing two-turn mononucleosomes (Zivanovic et al., 1990) . Less satisfactory, however, is the association of these states with widely different K sc values. Whereas the rigidity associated with the closed state (K sc 3700; see Table 1 ) is similar to that of naked minicircles of the same size (K sc $3900; Figure 1(c) Since a state is available toward negative crossing, this potentially missing state could only be toward positive crossing. The existence of a``positive'' state is supported by three independent observations: (1) topoisomers close to relaxation, such as 360 and 361 bp topo 34 with ÁLk À0.3 and À0.4 under relaxation conditions, which are expected to hold nucleosomes with a positively supercoiled loop, are present in signi®cant amounts in relaxation equilibria (they make the bump referred to above; see Figure 3 (a)); (2) the accompanying article has shown that ethidium bromide intercalation, i.e., induction of a positive crossing in the loop, is energetically easy; and (3) up to 40 % of the 359 bp M o (0) were observed to cross, necessarily positively, in 0.1 M salt .
The two-state model was therefore extended to three states (see Appendix), assuming this third state has a wrapping (p) similar to that of the closed``negative'' state. K sc for the three states was taken as the mean value for naked DNA Figure 1(c) ). ÁLk n and ÁG n values for each state resulting from the ®tting are listed in Table 2 . Fitted equations were in turn used to calculate theoretical values for topoisomer relative amounts, hLk n i, and hÁLk n i versus N in the 350-370 bp range (see the continuous curves in Figure 3(a)-(c) ). It is noteworthy that the actual ÁLk n and ÁG n values depended only little on the K sc values between 3000 and 5000, as well as on the p values (see the legend to Table 2 ; the p 0 case formally corresponds to a DNA free to rotate on the histone surface while keeping its writhe).
Predictions
Energy: dependence on acetylation/phosphate Figure A2 in the Appendix shows the total energy of a nucleosome on topoisomer ÁLk in both two-and three-state models, as a function of ÁLk.
(Curves and symbols represent theoretical and semi-experimental data, respectively; see Appendix.) As explained in the Appendix, this energy takes into account the loop supercoiling energy contribution. Only at the minima of the total energy will the loop be relaxed (or close to relaxation) and that supercoiling contribution be zero (or close to zero; see more on loop relaxation in the legend to Figure A3 ). Consistently, relative minima's ordinate and abscissa are close to the energy and ÁLk n values associated with the corresponding states. As Figure A2(a) and (b) show, the openstate energy minimum is¯at in the two-state model, but sharp in the three-state model. This discrepancy results from the different rigidities associated with that state in the two models (see Tables 1  and 2 ). The closed state is more favorable than the open state by $1 kT in both models. This means that the energy recovered upon binding of 20-30 additional bp to the histones through a 180 rotation of the loop around the dyad is larger than the energy spent to further bend the loop by $1 The model is described in the Appendix. All indications are the same as in the two-state model (Table 1) , including the calculation of standard deviations (AESD), except for K sc which had the value of naked DNA of the same size (3850; see Figure 1 (c)).
As in the two-state model, the actual p values had little in¯uence on the results, which also depended only slightly on K sc . K sc 3000 led to ÁLk n À1.68, À1.04 and À0.59 in the three states, while K sc 5000 resulted in ÁLk n À1.73, À0.97 and À0.67. Interestingly, the sums of the square deviations of experimental data points from the theoretical hLk n i versus N curves were larger with K sc 3000 and 5000 than with K sc 3850 by 6-12%.
The extreme case where p 0 was also investigated, which simply consisted in making N l N in equation (A8) in the Appendix. Interestingly enough, ÁLk n and ÁG n values were again not much different from those above. Using K sc 3850, one obtained ÁLk n À1.65, À1.08 and À0.54 in the three states and ÁG n 0.98 and 1.73 in the open and closed``positive'' states. With K sc 5000, these ®gures become ÁLk n À1.68, À1.04 and À0.59 and ÁG n 1.03 and 1.88. The resulting ®tting was similar to that above.
kT. As expected, the closed``positive'' state is less favorable than the open state, by an additional $1 kT (see Table 2 ).
Fitting the data of CP, AT and AP nucleosomes (Figure 4 ) with the two-state model turned out to be virtually impossible without generating intractable contradictions (not shown). Whereas ÁLk n values obtained from the three-state model with these nucleosomes were close to those of CT nucleosomes, ÁG n values were quite different (see ®ve-parameter-®tting; Table 3 ), suggesting acetylation/ phosphate affect the energy of the states rather than their topology. Because these ÁLk n values were unlikely to be as accurate as those in Table 2 , due to the smaller number of measurements, the ®tting was also performed with only two¯oating ÁG n parameters, using the ÁLk n values in Table 2 (after slight adjustments for CP and AP nucleosomes to take into account the h o shift between Tris and phosphate; see Table 3 and its legend). As expected, this led only to slight differences in ÁG n values (compare ®ve-and two-parameter ®ttings in Table 3 ). As shown in Figure 4 (b) and (c) (smooth curves), the three-state model predicts all alterations to hLk n i and hÁLk n i versus N plots. Remarkably, this is accomplished by simply increasing the energy (ÁG n ) of both closed states by similar amounts relative to the open state, this increase being progressive from AT to CP and AP nucleosomes (Table 3; see correlative modi®cations to nucleosome energy pro®les in Figure A2 (c) in the Appendix).
State occupancy. Dependence on acetylation/ phosphate
An increase in ÁG n of the closed states, in restricting their access, is in keeping with a larger DNA-DNA repulsion resulting from acetylation/ phosphate-induced H3 N-tail destabilization, and with a possibly enhanced``breathing'' of H2A-H2B dimers (see above). It is noteworthy that in the absence of the phosphate destabilization effect, the higher monovalent-cation concentration of the latter buffer relative to the Tris buffer (by 40 mM; see Materials and Methods) would by itself be expected to screen DNA charges more and instead facilitate access to the closed states. Restriction of closed state accessibility by acetylation/phosphate is shown quantitatively in Figure A3 of the Appendix, where the partition of M o (33) nucleosomes into the three states was calculated as a function of N. The Figure shows that the bumps referred to above entirely originate from CT nucleosome access to the closed``positive'' state. AP nucleosomes still have access to that state, but this access is much reduced to the bene®t of the open state, compared to CT nucleosomes. Access of AP nucleosomes to the closed``negative'' state is similarly reduced (compare the state relative areas between CT and AP nucleosomes in Figure A3 ).
Topology
ÁLk n À1.0 and À1.7 for the open and closed states (Table 2 ) are identical with their expected writhings ( Zhang et al., 1994) . Equation (6) in Materials and Methods therefore leads to ÁTw n $ 0, which means that DNA is wrapped without twist alteration. Note that this refers to h o 10.49 bp/turn for the free DNA in solution, which already re¯ects a higher twist than the 10.53 bp/turn value previously estimated from other fragments Goulet et al., 1987) . Taking instead this latter periodicity as the reference (as by Prunell, 1998) Table 2 . c Five-parameter ®tting: data (bold) from ®tting to experimental data points in Figure 4 (b), using h o 10.49 bp/turn and K sc 3850. Two-parameter ®tting: same as ®ve-parameter ®tting, except that ÁLk n was ®xed to the values of CT nucleosomes. ÁG n (Open) was ®xed at 1.06 in order to facilitate comparison with CT nucleosomes. and closed states, respectively (see equation (7) in Materials and Methods). With ÁTw n $ 0, it becomes Wr ÁLk n À0.6 in the closed``positive'' state (Table 2) . Such a writhe suggests a conformation with a half-positively crossed DNA conformation, as illustrated in Figure 5 (i). A similar conformation was previously attributed to 354 bp M o (À0.5) to explain its near gel electrophoretic comigration with 354 bp M o (À1.5) ( Figure 5( j) ; .
Intrinsic and local helical periodicities of wrapped DNA, h intr and h loc , respectively, can be obtained from equations (7) and (8) This h loc could be compared to that measured in the recent 2.8 A Ê -resolution crystal structure of a core particle reconstituted on a palindromic 2 Â 73 bp DNA fragment (Luger et al., 1997) . Because the DNA dyad axis passes in between the two middle base-pairs, whereas the nucleosome dyad is located on a basepair, this core particle shows two unequal 73 and 72 bp halves (not including the base-pair on the dyad). The present h loc turns out to be close to that measured in the 73-bp half. A hypothetical nucleosome composed of the two 73-bp halves would indeed have h loc 10.36 and 10.31 bp/turn in the open and closed states, respectively (Prunell, 1998) . In contrast, the actual core particle has h loc 10.27 and 10.23, respectively. These lower h loc values originate from a 1 bp stretching-overtwisting in the 72-bp half which brings it almost in register with the 73-bp half. This stretching-overtwisting, however, may result from strong stacking interactions between DNA ends of neighbor particles in the lattice (Luger et al., 1997) , which make it unlikely to occur in solution (Prunell, 1998) .
Chromatin: DNA topology and dynamics
The above analysis raises the prospect of nucleosome dynamics in H1/H5-free chromatin, i.e., of linker¯uctuation between crossed and uncrossed conformations through nucleosome rotation around their dyad axis. This is supported by the way chromatin reacts to the application of extra supercoiling constraints.
Effect of positive supercoiling
In the experiment of Clark & Felsenfeld (1991) with reconstituted minichromosomes (see Introduction), positive supercoiling is expected to force the linkers to cross positively. The ÁLk n value associated with these positively crossed nucleosomes might be similar to that obtained here (À0.6; see Table 2 ), but it may also be closer to zero if a full positive crossing is achieved. In this case, nucleosomes would be topologically neutral and their number would be limited only by the physical space available on the DNA, rather than by the need for dissipation of the positive stress in the histone-bound DNA. As long as nucleosomes keep their tight wrapping, positively crossed or uncrossed linkers should make no difference with respect to circular dichroism, histone modi®cation with disuccinimidyl suberate and H3-thiol accessibility with iodoacetate, as observed by Clark & Felsenfeld (1991) . Importantly, it was further observed that the positively constrained chromatin went back to normal (hÁLki À1.0 per nucleosome) upon incubation with topoisomerase I, demonstrating the reversibility of this crossing process. Garner et al. (1987) applied negative supercoiling to in vitro reconstituted minichromosomes by treatment with DNA gyrase. They observed that the maximal supercoiling generated (corresponding to a density s $ À0.1) was identical for the naked plasmid and for the reconstituted complex (supercoiling was then measured after deproteinization), as if nucleosomes were not``seen'' by the enzyme. Again, and as previously pointed out in an earlier paper from this laboratory , there is no need for DNA undertwisting on the histone surface if linkers are allowed to cross negatively. Assuming linker DNA took up the same s À0.1 as naked DNA, it was calculated that an overall s of À0.1 could be achieved with a hÁLki value per nucleosome of $ À1.6 . This value, close to the ÁLk n of the closed``negative'' state (À1.7; see Table 2 ), suggests that all linkers were crossed negatively in this chromatin.
Effect of negative supercoiling
Positive versus negative supercoiling
Nucleosomes, therefore, do have the ability to rotate around their dyad axis in both directions, leading to positively or negatively crossed linkers upon application of the appropriate constraint. This, together with the reversion of this process upon suppression of that constraint, is strongly suggestive of a nucleosome dynamic equilibrium between open and crossed DNA conformations in torsionally unconstrained chromatin.
Steady-state proportions between these different conformations are unknown, but a further experiment of Clark et al. (1993) gives a partial answer. The sedimentation coef®cient (S) of H1/H5-free chromatin was measured as a function of DNA net supercoiling (10 to 11, and 12 to 13.5 nucleosomes were reconstituted in two separate experiments on a series of 3247 bp DNAs of hÁLki À30 to 8; Clark et al., 1993) . As expected, naked DNA showed its minimal S value at relaxation, i.e., at hÁLki 0. Similarly, the minimal S value of the complexes was obtained at hÁLki À8 and À12, close to the respective nucleosome number, i.e., also at relaxation. At a hÁLki different from these values, a (net) supercoiling constraint was elicited, and S increased. A symmetrical S increase for negative and positive values of that constraint was expected for naked DNA, but it was more surprising for chromatin. As discussed above, the constraint displaces the equilibrium conformation of nucleosomes in the ®ber, i.e., induces more positive or negative crossings, depending on its polarity, but it does so only to a certain point. The remaining supercoiling not absorbed by this displacement is expected to induce writhe in the nucleosome-free DNA, and therefore compaction. The observed symmetrical S increase, in indicating that the writhing-ef®cient fraction of the applied constraint is similar, whether negative or positive, would suggest that negatively and positively crossed linkers form with comparable ef®ciencies.
But this is unlikely to be true, because positive crossings should be signi®cantly harder to generate than negative crossings, and this has been con®rmed for minicircle nucleosomes (this work; Hamiche & Prunell, 1992) . In this case, with a smaller fraction of positive supercoiling being used to displace the equilibrium, a larger fraction should remain to induce writhing in nucleosome-free DNA. The reason why S does not increase more with positive supercoiling, therefore, must be that the displacement of the equilibrium on the other side by negative supercoiling must generate a compaction of its own. This in turn implies that a signi®cant steady-state fraction of the nucleosomes are initially in the open conformation ( Figure 5(c) ), consistent with a compaction arising from increased DNA wrapping around the histones as a consequence of crossing formation.
Sructural context of nucleosome dynamics in chromatin
Recent studies of the superstructure of the H1/ H5-containing 30 nm chromatin ®ber by microscopic techniques have led to the view of an irregular three-dimensional zigzag of nucleosomes with straight linkers projecting toward the ®ber interior (Woodcock et al., 1993; Horowitz et al., 1994; Leuba et al., 1994; Pehrson, 1995; van Holde & Zlatanova, 1996; Figure 5(k) ). This view was further supported by the demonstration of an internal location of H1/H5 (Leuba et al., 1993; Graziano et al., 1994; Zlatanova et al., 1994) , and by the observation of a bridging together of entering and exiting DNAs by the H1/H5 C-terminal tail into a stem in both reconstituted linear mononucleosomes (Hamiche et al., 1996) and native trinucleosomes . In the absence of H1/H5, an extended bead-on-a-string structure occurs (Bustamante et al., 1997) , which is still able to condense at physiological ionic strength (Thoma et al., 1979; Schwarz & Hansen, 1994; Moore & Ausio, 1997) . This condensed structure (Figure 5(l) ) may resemble the zigzag arrangement of H1/H5-containing chromatin, even if less compact (see Ramakrishnan, 1997 , for a recent discussion). Such a structure (Figure 5(l) ) clearly lends support to the possibility for nucleosomes to rotate around their dyad axis, in contrast to a stacked nucleosome arrangement (McGhee et al., 1983) , for example.
Factors potentially affecting chromatin dynamics and DNA topology
hÁLki values per nucleosome of À1.01 (AE0.08; Simpson et al., 1985) and À1.04 (AE0.08; Norton et al., 1989) would suggest that all nucleosomes in H1/H5-free minichromosomes are in the open conformation (ÁLk n À1.0; see Table 2 ). This has previously been proposed as the solution of the linking-number-paradox problem (see Introduction). However, the above discussion has suggested a more subtle possibility: that this unit hÁLki value is the mean for a mixture of nucleosomes in various states, open as well as closed`p ositive'' and``negative''. A mean obviously does not say much about the relative values of three variables. An additional uncertainty arises because the ÁLk n values of the different states have no reason to be identical in chromatin and in mononucleosomes. These values are indeed expected to depend on nucleosome mutual orientations, which are probably not random, due to nucleosome medium-or short-range electrostatic interactions (in the absence of direct nucleosome contact). If the absolute hÁLki-per-nucleosome value is not very informative, more can be learnt from the in¯uence on this value of factors which may affect the dynamics of chromatin and/or its DNA topology, such as histone acetylation and H1/H5.
Histone acetylation
Histone acetylation has been shown to restrict access to both closed``negative'' and``positive'' states, to the bene®t of the open state (see Figure A3 ). This resulted in a $0.12 increase in the size-averaged hÁLk n i between CT and AP nucleosomes (À1.37 to À1.25; see Figure 4 (c)). Interestingly, a similar increase in hÁLki per nucleosome was observed in minichromosomes after acetylation (À1.04 to À0.82 (AE0.05); Norton et al., 1989) , which would suggest that the steady-state amount of negatively crossed nucleosomes is signi®cant before acetylation. However, the present shift depends on H2A-H2B (see Figure 2) , which was not the case for minichromosomes (Norton et al., 1990) .
Acetylation, in reducing nucleosome dynamics in chromatin, is also expected to alter its response to external supercoiling constraint. For example, positive supercoiling waves pushed by elongating polymerases may be easily absorbed through positive linker crossing before acetylation, but not after, in which case nucleosomes may become altered in their structure or composition (destabilization or loss of H2A-H2B). Such function of histone acetylation, together with its above role in maintaining nucleosomes in an open, presumably more accessible, DNA conformation, would be consistent with its close association with transcrip-tional activation and elongation (see Grunstein, 1997, and Mizzen & Allis, 1998 , for recent reviews). (Conversely, histone deacetylation has recently been found to be associated with transcriptional repression (Hassig et al., 1997; Kadosh & Struhl, 1998) .)
H1/H5
Although the accuracy of the hÁLki-per-nucleosome measurement in H1/H5-containing chromatin (Germond et al., 1975; Stein, 1980; Morse & Cantor, 1986) was not as high as for H1/H5-free chromatin, it is generally believed that linker histones do not affect DNA topology signi®cantly. A simple explanation for this is that H1/H5``freeze'' the equilibrium as it is, but do not interfere with it. Absence of nucleosome mutual rotation upon both binding and release of H1/H5 has been documented elsewhere (Prunell, 1998 , and references therein). H1/H5 would then have to close nucleosomes which were in the open conformation, and at the same time to accommodate negatively and positively crossed linkers. This can be accomplished if H1/H5 C-terminal tail-induced stems (see above and Figure 5 (k)) are¯exible enough for the two constitutive duplexes to be able to wind around each other in either directions or to remain unwound. The ensuing compaction at the single nucleosome level (Prunell, 1997) would bring nucleosomes close to each other so that they could directly interact. These interactions could be mediated by H4 N-terminal tails (Luger et al., 1997) and, if dislodged by the H1/H5 C-terminal tail from their interaction with entering and exiting DNAs (Fletcher & Hansen, 1995) , also by H3 N-terminal tails.
Summary
The results and notions of this work can be summarized as follows. (1) Nucleosomes on DNA minicircles have access to open and closed``negative'' DNA conformations, as expected from previous work. However, further access to another closed DNA conformation with a positively crossed loop was required to explain the complex size-dependence of their relaxation behavior. (2) The¯exibility of nucleosome entering and exiting DNAs, i.e., the access to both closed states, strongly depends on the strength of entering and exiting DNA interactions with the H3 N-terminal tail (as well as on the stability of H2A-H2B dimers). (3) Open and closed``negative'' states were found to be associated with ÁLk n values (À1.0 and À1.7, respectively) which implied that DNA wraps around the histones without twist alteration compared to DNA free in solution. This conclusion is consistent with features of a recent core particle high-resolution crystal structure. (4) The true dimension of the``linking-number-paradox'' problem is also revealed. The present results, together with chromatin response to extra supercoiling constraints, suggest a dynamic equilibrium between nucleosomes in open, positively and negatively crossed, conformations. hÁLki À1.0 per nucleosome may therefore be more meaningful as a statistical value than as an indicator of a particular DNA topology.
Finally, it is important to keep in mind that this work describes the average behavior of a number of variously positioned nucleosomes (estimated as [15] [16] [17] [18] [19] [20] . The possibility remains that some of these nucleosomes could signi®cantly deviate from this mean, either in their dynamics, and/or with respect to h loc .
Materials and Methods
Materials and Methods are described in the accompanying article (Sivolob et al., 1999) except for the following.
DNAs
The 351, 353, 354, 355, 356, 358, 360, 361, 362, 363 and 366 bp fragments have a unique sequence, and originate from TaqI digests of plasmids pB351-pB366. This plasmid series was constructed through deletions at the unique SspI site of pBR322 (Hamiche & Prunell, 1992) . A subset of these fragments (of size N) was subcloned in pUC18, to give the pUC(N)Eco plasmid series. For this, TaqI fragments were oligomerized, cleaved at their unique EcoRI site, electrophoresed, and the appropriate fragment eluted from the gel and ligated to EcoRI-linearized and dephosphorylated pUC18 plasmid. The construction was used to transform DH5a cells. Results obtained with TaqI or EcoRI fragments were indistinguishable. To con®rm its size, the fragment in pUC(358)Eco was sequenced anew using commercial pUC primers in an automated commercial sequencer. An additional 354 bp fragment was obtained from a ClaI digest of phage l DNA . All fragments were end-labeled with 32 P, circularized using T4 DNA ligase in the absence or presence of ethidium bromide, and topoisomers were puri®ed by gel electrophoresis in polyacrylamide gels (Zivanovic et al., 1986) .
Histones
The composite, half-acetylated, octamer (1/2A) was made by mixing acetylated (H3-H4)2 tetramers from L1210 culture cells with duck erythrocyte H2A-H2B dimers in 2 M NaCl. The control was the fully acetylated, de novo reconstituted, octamer (1A) made from the same tetramers and acetylated L1210 H2A-H2B dimers (see Materials and Methods in the accompanying article). The stoichiometry between tetramers and dimers was checked by electrophoresis in a SDS-containing polyacrylamide gel after staining with Coomassie blue (not shown).
Nucleosome relaxation
Nucleosomes were reconstituted using the one-step salt-jump method (see the accompanying article; Sivolob et al., 1999) on a trace of the 32 P-labeled topoisomers plus a bulk amount of the supercoiled form I plasmid DNA from which the fragment originated. Nucleosomes in TE Nucleosome Dynamics (10 mM Tris-HCl (pH 7.5) and 1 mM EDTA) and 100 mg of bovine serum albumin (BSA) per ml were supplemented with a quarter volume of 5X``Tris buffer'' (1X: 50 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 50 mM KCl, 5 mM MgCl 2 , 0.5 mM dithiothreitol), and relaxed by incubation with 600 to 800 units of calf thymus topoisomerase I (BRL) per ml at 37 C for one hour (Zivanovic et al., , 1990 ). An alternative relaxation buffer was used in which the 50 mM Tris-HCl of the Tris buffer was replaced by 50 mM potassium phosphate (pH 7.5) to give the``phosphate buffer''. In this latter case, to prevent a potential precipitation of magnesium phosphate in the 5X stock, MgCl 2 (5 mM) was added only in the chromatin incubation mixture. (Note that Tris and phosphate buffers have different monovalent-cation concentrations, respectively 100 and 140 mM, and that they were used also for the relaxation of naked DNAs (see Results).) Nucleosome relaxation products were diluted fourfold with 1X TE buffer plus 100 mg BSA per ml, and electrophoresed in polyacrylamide gels as previously described (Zivanovic et al., 1990) . Gels were dried without heating, which permitted excised gel slices to reswell and DNAs to be eluted. Eluted DNAs were electrophoresed at room temperature in 4 % (w/v) polyacrylamide (acrylamide to bis-acrylamide 20:1, w/w) mini-gels (0.15 cm Â 10 cm Â 8 cm) for one hour at 100 V in 20 mM sodium acetate, 2 mM EDTA, 40 mM Tris-acetate (pH 7.8), and 125-200 mg chloroquine per ml. Radioactivity in the bands was quanti®ed in the dried gels using a phosphorimager (Molecular Dynamics).
Topology
A comprehensive account of DNA topology notions useful to the nucleosome minicircle system has been given elsewhere (Prunell, 1998) . Below is a brief summary.
Topoisomer identification
Topoisomers were identi®ed by their linking number, Lk, or linking number difference, ÁLk, with: Wang et al., 1982) , in which:
is the linking number of the most probable con®guration of the minicircle . N is its size, and h o 10.56 bp/turn is the DNA helical periodicity under reference conditions (Goulet et al., 1987) . Lk o can then be easily obtained from equation (2) for all minicircles, and ÁLk subsequently derived from Lk using equation (1) (see the legends to Figures 1-3 ).
Linking number difference associated with nucleosome formation
This linking difference is:
in which Lk o n is the linking number of the most probable con®guration of the minicircle partially wrapped around the histones . Lk o n is actually measured by the mean linking number, hLk n i, of the topoisomer equilibrium distribution obtained upon relaxation with topoisomerase I. Lk o is also given by equation (2), with h o 10.49 or 10.47 5 bp/turn, depending on the relaxation buffer, respectively Tris or phosphate (see Results). Such change in h o alone affects hÁLk n i according to the equation :
which gives the hÁLk n i increment on going from Tris to phosphate. N n p is the length of wrapped DNA. For example, with N n 145 bp, equation (4) Linking number differences associated with nucleosome discrete DNA conformational states These linking differences, ÁLk n (i), were derived from model ®tting to experimental data (see Appendix). They characterize discrete DNA conformational states of the nucleosome. With topoisomer ÁLk, the linking number difference in the loop is:
This equation shows that ÁLk n (i) is the total ÁLk of the topoisomer when the loop is relaxed (for the nucleosome in state i). Note that equation (5) supposes that the loop is a distinct topological domain delimited by the clamping of DNA to the histones. ÁLk l (i) will be used in equation (A8) of the Appendix to measure the loop free energy of supercoiling for the nucleosome in state i.
For each state i, the classical equation (White, 1969; Fuller, 1971; Crick, 1976) applies:
in which Wr(i) is the writhing number of the most probable conformation of the partially wrapped DNA minicircle in that state. ÁTw n (i) is the twist change in the whole minicircle relative to the same DNA free in solution. But because the loop is relaxed, i.e., is free of torsional constraint, ÁTw n (i) is the twist change in the histone-bound DNA.
Intrinsic and local helical periodicity of wrapped DNA With Tw N/h, ÁTw n is given by an equation similar to equation (4):
When h refers to wrapped DNA, it is conveniently termed the intrinsic h, h intr , as against the local h, h loc . Equation (7) will be used to calculate h intr in the different DNA conformational states, once ÁTw n (i) is known from equation (6). h loc on any given wrapping surface can be conveniently de®ned by the spacing between nucleotides closest to the histone surface. h intr is harder to de®ne because it incorporates h loc to the continuous change in the direction of the double helix axis as it wraps around the surface. The h intr notion is useful in problems of wrapping surfaces because h intr is an invariant as long as no torsional constraint is applied upon wrapping, in contrast to h loc , which depends on the surface. When DNA is wrapped into a regular left-handed superhelix of radius r and pitch p around a cylindrical histone surface, h loc is related to h intr by the equation After relaxation with the topoisomerase, an equilibrium distribution is observed (Figure 1(a) in the main article) in which the topoisomers distribute according to Boltzmann's law. The probability of topoisomer Lk, p(Lk), is proportional to:
which gives, after normalization:
The mean linking number of the topoisomer distribution is then:
and the mean linking difference:
Equation (A4) was ®tted to the experimental data points in Figure 1 (b) of the main article using a standard non-linear least-squares ®tting algorithm. The resulting K sc and h o parameters are given in Results of the main article. The ®tted equation in turn allowed hLki and hÁLki versus N to be calculated (see the continuous curves in Figure 1 (b) of the main article).
Energy profile
The probability of topoisomer Lk, p(Lk) exp , is also proportional to its relative amount in each equilibrium distribution. One obtains from equation (A2):
where G sc (Lk) exp is the experimental value of G sc (Lk) (see equation (A1)), and C a constant function of minicircle size. C is chosen for each size to lead to the minimum in the sum of square deviations of G sc exp values with G sc values calculated from equation (A1), using K sc and h o determined above, and N 356 bp (the mean for the ®ve minicircles which generate effective two-topoisomer equilibria; see Figure 1 (a) in the main article). The resulting G sc exp versus ÁLk data points are shown in Figure A1 , together with the G sc versus N theoretical pro®le.
Relaxation of nucleosomes on DNA minicircles
The single-state model
The loop free energy of supercoiling for the nucleosome on topoisomer Lk is ( :
with ÁLk l Lk À Lk o À ÁLk n (see equation (5) in Materials and Methods of the main article). N l N À p is the length of the loop (in bp), with p being the length of the immobilized DNA. Following equations (not shown) are similar to equations (A2)-(A5). The model was used to calculate hLk n i and hÁLk n i versus N plots making N l N À 115 bp, ÁLk n À1. 4 (the mean value in Figure 3(c) ), and h o 10.49 bp/turn (not shown; see Discussion in the main article).
Two-and three-state models
The total free energy of a nucleosome (DNA plus protein) in state i (i 1 and 2, or 1-3; i 1 gives the above single-state model) on topoisomer Lk is the same as in equation (A7), plus a free energy ÁG n (i) measured by reference to a state of minimal energy. One has:
, which means that the loop contribution to ÁG n is through bending, not twisting.
The probability of ®nding a nucleosome in state i on topoisomer Lk in the relaxation equilibrium is proportional to:
The fraction of these nucleosomes is: The mean linking number of the topoisomer distribution in the equilibrium then is: Figure A1 . Energy pro®le of $356 bp naked DNA minicircles. Data points and the continuous curve correspond to semi-experimental and theoretical supercoiling free energies, respectively. They were calculated as functions of ÁLk using equations (A6) and (A1), with K sc 3600 and h o 10.49 bp/turn. Note that the minimal energy is obtained at ÁLk 0, as expected.
It is noteworthy that equations (A9)-(A13) are similar to above equations (A2)-(A5), except for the additional index i. Equation (A12) was ®tted to the experimental data points in Figures 3(b) and 4(b) in the main article, using N l N À 115 bp in the open state (the single state in the above model) Figure A2 . Nucleosome energy pro®le, and its dependence on acetylation/phosphate. Data points and smooth curves correspond to semi-experimental and theoretical total free energies, in the two-and three-state models. They were calculated as indicated (see equations (A14) and (A15)) using the ®tted parameters in Tables 1, 2 or 3 of the main paper. Note in (a) the different shapes of the energy minima for the open and closed states at ÁLk $ À1.1 and À1.7. The former is¯at while the latter is sharp, a consequence of their different associated rigidities (K sc 600 against 3700, respectively; see Table 1 in the main paper). In (b), in contrast, both minima are sharp, as expected from their identical associated K sc 3850 value (see Table 2 ). Despite these discrepancies, G and ÁLk values at the minima are similar in both models. Comparison of pro®les in (a) and (b) makes it clear that the open state high¯exibility in the two-state model is an attempt to compensate for the absence of the closed``positive'' state. Note in (c) the progressive upward shifts of both closed states energies from AT to CP and AP nucleosomes. ) nucleosomes (the fragment was from pBR322 but did not belong to the Taq series), 85 and 15 % in 100 mM NaCl (against 99 and 1 % in TE buffer; . Also note that the M O (33) loop is completely relaxed at ÁLk ÁLk n (in any of the three states), only when that state is the only one occupied (its probability is 1). On a strict basis, this occurs for CT nucleosomes only in the closed negative state (ÁLk n À1.7), and for AP nucleosomes in both closed negative and open (ÁLk n À0. 99; see Table 3 ) states.
However, the open state probability of CT nucleosomes at ÁLk À1.0 being almost 1 (exactly 0.98), these nucleosomes are essentially relaxed in that state too. In practice, it is useful to realize that a completely relaxed nucleosome in one state can still get access to another state, but only after nicking by topoisomerase I (a consequence of thermal¯uctuations) and religation to another ÁLk. For example, this is the case with 363 bp M O (33) (fully relaxed in the closed negative state) which is not alone in the equilibrium, but coexists with M O (34) (see Figure 3 (a) of the main article).
and N À 145 bp in the closed state(s), with h o 10.49 or 10.47 5 bp/turn, depending on the relaxation buffer (see Results of the main paper). The ®tted equation was used to calculate topoisomer relative amounts, hLk n i and hÁLk n i as functions of N (see the smooth curves in Figures 3 and 4 of the main article). The resulting K sc (in the two-state model only), ÁLk n and ÁG n for each state are listed in Table 1 (two-state model) and Tables 2 and 3 (three-state model).
Energy profile in two-and three-state models By analogy with naked DNA (see Figure A1) , semi-experimental estimates of the total free energy of the M O particle, G(Lk), can be calculated, which take into account all the energetic contributions from the relative occupancies of the different conformational states by the particle on topoisomer Lk (see Figure A3 , below). One has:
where p(Lk) is the experimental probability of topoisomer Lk in each equilibrium distribution, and C is a constant of identical value for all topoisomers within each equilibrium. The theoretical equivalent of this energy can be obtained from equations (A9)-(A11):
where G(i, Lk) for each conformational state of the particle is described by equation (A8). Taking the K sc , ÁLk n and ÁG n parameters in Tables 1, 2 or 3 of the main article, and the average value N 360 bp, G(Lk) in equation (A15) can be easily calculated. Then the semi-experimental p(Lk) data, and G(ÁLk) exp (with ÁLk being the total topoisomer linking difference) can be derived by the appropriate choice of the C constant for each minicircle size. As for naked DNA, the C value is chosen to lead to the minimum in the sum of square deviations of G exp values for a given size from the theoretical G in equation (A15). G(ÁLk) exp versus ÁLk data points are shown in Figure A2 , along with corresponding theoretical energy pro®les.
State occupancy
Nucleosomes on a given topoisomer thermallȳ uctuate between different states. The relative occupancy of state i, given by equation (A10), is shown for topo 33 as a function of N (and therefore ÁLk) in Figure A3 . The Figure compares CT to AP nucleosomes (see Figures 3 and 4 of the main article). Note that the two closed states are mutually exclusive of each other in both cases, and that the open state is more occupied in AP compared to CT nucleosomes.
